Using an electro-absorption duplexer (EAD) we presented a transceiver (TRx) module for dual function of both electrical-to-optical (E/O) and optical-to-electrical (E/O) conversion at 60 GHz band. The EAD chip was fabricated by monolithically integrating both a waveguide photodiode (PD) and an electro-absorption modulator (EAM) in association with traveling wave electrodes. We also investigated the issues of RF packaging in which the optoelectronic and electronic amplifier devices were co-packaged in a single housing. The RF impedance matching was accomplished in assistance with a microstrip bandpass filter.
Introduction
The 60 GHz band is considered to use for broadband wireless data transport of 2 Gbps and more in WPAN application because of its spectral efficiency in air [1] . For the 60 GHz radio-over-fiber (RoF) link in a broadband wireless access network it is very essential to have high efficient modules for RF(electrical)-to-optic (or vise versa) conversion [2] . Ultra high speed PD and modulator (semiconductor electro-absorption modulator; EAM or LiNbO 3 MachZehnder modulator; MZM) have been used for the purpose in the base station (BS) [3] , [4] . When used in a pico-cell environment, one of major obstacles for the deployment of 60 GHz RoF system would be high cost and low RF conversion efficiency of the base station in which RF to optic (or vise versa) conversion is taking place.
To make the base station module for electrical-to-optic (E/O) and optic-to-electrical (O/E) conversion cost effective and compact in size, a device is needed to operate for such dual functions (duplexer) in such a way that it would significantly reduce the foot print and its cost, eventually. By taking advantage of the common PIN structure of optoelectronic devices, it can be realized by monolithically integrating both an EAM and a waveguide PD on the same wafer.
For transmitting and receiving 60 GHz through antenna in air in the base station, it is also necessary to inter-connect the optical devices with MMIC amplifiers and filters. That is, the RF packaging of the module is another important issue in concern. It is believed that the system-on-packaging (SOP) would provide a solution that it could reduce a large amount of packaging cost and make it small and reliable.
In this paper, we presented an electro-absorption duplexer (EAD) for dual functions of both E/O and O/E conversions. For a transceiver (TRx) module, we investigated the issues of RF packaging in which the optoelectronic and electric devices were co-packaged in a single module hosing; system-on-packaging (SOP). Figure 1 shows the schematic of dual function electroabsorption duplexer (EAD) chip structure for photodetection and optical modulation that is constructed on the dual waveguide structure [5] . The device is designed to employ dual waveguides of a primary (a base guide; BG) and a secondary waveguide (a middle guide; MG) with a spot size converter (SSC1). Then, a waveguide PD and an EAM are associated in the same waveguide structure with its own spot size converter (SSC2). BG was designed for maximizing the coupling efficiency between a lensed fiber and the de- Copyright c 2007 The Institute of Electronics, Information and Communication Engineers vice facet while MG was for lossless optical power transfer between PD and EAM. Considering multiple optical couplings in the device through waveguides, it is very crucial to optimize the epi and device structure in such a way that the coupling loss both between BG and PD (or EAM) and between PD and EAM are reduced as small as possible. The optical transmission through the waveguide in the chip had been evaluated with the BPM simulation.
Electro-Absorption Duplexer

EAD Chip
For EAM, the coplanar waveguide (CPW) traveling wave electrode was employed for high frequency operation without an RC time limitation. The epi layers of n + -InP layer on S.I. InP substrate was carefully chosen such that the EAM device with a traveling electrode operated in the slow wave mode. The characteristic impedance of the EAM chip was about 30 Ω [6] . Likewise, the same CPW traveling wave electrode was used for high speed waveguide PD which was designed and fabricated in the similar epi layer structure.
A simple EAD module was assembled in a butterflytype housing with a V-connector. Termination resistor of 50 Ω was used for the impedance matching and fabricated on the submount to reduce the parasitics. There was a microstrip line with the characteristic impedance of 50 Ω on the submounts between the device and connectors. The submount, device chip and the resistor were interconnected by using wedge bonding with a coplanar configuration. The optical coupling was accomplished with lensed fibers at both end facets.
DC and RF Characteristics of EAD
The optical extinction ratio (ER) of PD and EAM was 10 dB and 20 dB at −4V dc respectively and the fiber-to-fiber insertion loss was −10 dB for TE-polarized input light of 1550 nm wavelength. The optical transmission for EAM is shown in Fig. 2 . It is worth to note that the 20 dB ER of EAM at the reverse bias −4 V dc implies an excellent coupling efficiency of as high as 99% from BG to EAM. The difference of ER for PD and EAM resulted from their different absorption length as shown in Fig. 1(b) . From the optical transmissions for 1580 nm and 1550 nm at 0 V dc , the discrepancy of 1.53 dB was attributed to the residual absorption remained in BG in the active core region of EAM.
The fiber-to-fiber coupling loss was 10 dB for the EAD chip when coupled with lensed fibers. The loss for each section of EAD was evaluated from the observed responsivities of PD and EAM: between BG and a lensed fiber, from BG to PD, from PD to EAM and EAM to BG. The coupling loss to PD from one of facets was as small as 2.15 dB as obtained from the responsivity of 0.72 A/W in PD. Similarly, the loss to EAM of the responsivity of 0.76 A/W was 1.94 dB. Figure 3 is the electrical RF response of the traveling electrode of EAM in EAD. Without incorporation with optical wave, the electrical S 21 revealed extremely wide 3 dB bandwidth up to 65 GHz, which was very similar to the single EAM chip [6] . On the other hand, the S 11 showed only small reflection for the entire range of frequency from DC to 65 GHz. The largest reflection was −7 dB around 45 GHz.
Cross-Talk between PD and EAM
The CPW traveling wave electrodes for both an EAM and a PD are considered as two loosely coupled transmission lines so that the electrical cross-talk analysis for the coupled transmission line is applied [7] . The cross-talk is caused by the capacitive and the inductive coupling and is categorized as the near end and the far end cross-talks. For the homogeneous medium, the near-end coupling coefficient, K ne simply turns out C m /2C, where C m is the mutual capacitance and C is the self capacitance of an electrode. On the other hand, the far-end coupling coefficient, K fe becomes 0.
By using two-dimensional finite element method (2-D FEM) simulation, we investigated the cross-talk noise in the three sections of (a) electrode, (b) polyimide, and (c) waveguide as shown in Fig. 4 . The cross-sectional structures used for simulation are presented in the figure as well. In simulation, the epi structure of EAD chip was approximated as a homogenous dielectric although it was composed with InGaAsP multiple quantum wells (MQW) and InGaAsP/InP layers. Figure 5 shows the simulation results. The near-end crosstalk coefficient increases in an order of polyimide, waveguide and electrode section. This is not only because the distance between two signal lines in the electrode section is the shortest but because the effective dielectric constant between them becomes the largest with no presence of polyimide and trench. Therefore, the electrode region should be carefully designed to reduce the crosstalk noise in the EAD. In addition, as the more two signal lines were separated apart from each other, the smaller the crosstalk becomes. However, the increased gap distance induces the extra optical loss in the waveguide as well. It was observed that the optical loss was 3.26 dB in the waveguide between the EAM and PD of the width of 0.1 mm [8] .
In packaging at the given layout of EAM and PD, the chip was co-mounted with a submount of RF grounded CPW prepared on a dielectric material, alumina. Thus, the cross-talk induced by the submount was also investigated as a function of its thickness for a fixed planar geometry. The simulation was performed in the same approximation as before and its result is shown in Fig. 6 . The crosstalk increased with the thickness of submount and showed the smallest value at 5 mil. The simulation implies that as the dielectric thickness is decreased, the electrical field distributions is confined more under its own signal lines so that the intensity of the coupled field between the RF feeding lines of EAM and PD becomes weak. We used 5 mil-thick submount for the EAD module.
The crosstalk was measured with a vector network analyzer (VNA). On-wafer measurement was performed, and one of the EAM electrodes was terminated with a termination submount with 50 Ω. Figure 7 shows the measured crosstalk of the EAD with and without bias for the EAM and the PD. The bias conditions were −2 V dc and −4 V dc for the PD and the EAM, respectively. A resonance was observed near 60 GHz, which was analyzed to result from the structure of the termination submount. Even including the resonance, the crosstalks near 60 GHz were −25.7 dB with bias and −26.7 dB without bias. For EAD with electrodes of 0.1 mm gap, the crosstalk noise level from the 2-D FEM simulation was agreed with the measured one within 2 dB. The discrepancy was related to simple 2-D FEM models and the assumption of uniform dielectric medium. We believe, however, this simplified analysis for the crosstalk gave a relatively reliable index, which can be used as a guideline for the device design. Figure 8 shows the circuit diagram of a 60 GHz transceiver (TRx) module. While sharing the EAD chip in the middle, Tx (O/E conversion by PD at the left hand side) and Rx (E/O conversion by EAM at the right hand side) sections are laid out on both ends. In each section, Tx (or Rx) is composed with an opto-electronic chip, MMIC amplifiers, a bandpass filter (BPF), an RF matching circuit, and the internal bias to PD (or EAM). All the functions of components including both optical and electrical devices are co-packaged into a single module housing; system-on-packaging (SOP). By doing this system-on-packaging, we would be able to reduce the optical and RF connections and complex bonding so that the module is fabricated small and compact, eventually reliable. Integrating (or co-packaging) with antenna would be complementary for the module.
EAD Module
RF Packaging of SOP Module
We had fabricated a SOP module for the RF-to-optical (E/O) signal conversion (receiver, Rx). The 60 GHz RF signal inputted into the Rx SOP module from an antenna, is amplified by an LNA and then modulated into the optical signal by an EAM chip. The module consists of the EAM (or PD) device, a microstrip bandpass filter (BPF), LNA (or HPA), tapered fibers, bias circuits for the EAM and LNA. All of DC electrical pins are attached to the housing with high temperature glass seals. A CuW block was used to dissipate effectively the heat generated from the LNA. Tapered single mode fibers were used for simple coupling compared with the lens systems.
Impedance Matching
For impedance matching of the SOP module, a microstrip matching circuit had been used between the EAM (or PD) and the LNA (or HPA). The stubs of microstrip circuit was trimmed to adjust the input impedance of optoelectronic device but it was very complex. Thus, the microstrip BPF was used to achieve the impedance matching between the LNA Fig. 8 Circuit of 60 GHz transceiver module. and the EAM device. The BPF-assisted impedance matching was done at the expense of RF power loss caused by its insertion loss, but it paid-off with no tuning process of the matching circuit and the packaging tolerance to the various device properties and different packaging processes. The filter showed that the insertion loss and the return loss at 60.0 GHz were 5.2 dB and 18.9 dB, respectively. The pass band at −3 dB was 2.2 GHz and the skirt was 30 dBc at 58.0 GHz. The EAM was shunted with termination resistor of 500 Ω that corresponded to the module impedance close to 50 Ω seen from the BPF.
The frequency response of the Rx SOP module was measured in a simple fiber-radio link in which the RF input power of −10.0 dBm and the optical input power of 0.0 dBm were used. Figure 9 is the frequency response of Rx SOP module. The O/E response of the receiver was considered to represent the characteristics of the SOP module. It was observed that the response increased by about 20.0 dB, 15.0 dB and 10.0 dB from the noise level at 60.0 GHz at the EAM reverse bias of −1.6, −2.5, and −3.5 V dc , respectively. The center frequency was at 60.5 GHz and its bandwidth at 3 dB was about 2.2 GHz which was nearly the same as that of the filter. The increased response level at the reverse bias to the modulator device was resulted from the RF link gain related to the slope efficiency of EAM.
On the other hand, there is another way of controlling the input impedance by varying the value of the shunt resistor. We used HFSS simulation with known S-parameters of EAM to determine the effective value of the resistance of the resistor. Figure 10 shows the behavior of input impedance as the resistance of termination resistor varied from open to 500 Ω. As seen in Fig. 10 , the input impedance varied with the termination resistance. For the module, 500 Ω was found as the termination resistance to achieve the input impedance close to 50 Ω as seen from the filter. The fractional bandwidth of S 11 at -10 dB of the module was about 2.0 GHz which was in the same range as that obtained using the filter. As for fabricating SOP module with various components of optoelectronic and electric devices in the same housing, it is worth to note that the complex RF matching could be easily achieved by simply using a right termination resistance.
Conclusion
By monolithically integrating PD and EAM, we presented an electro-absorption duplexer (EAD) for dual functions of both E/O and O/E conversions. The optical power loss through the waveguide of the integrated chip was found negligible. The optical and RF characteristics of EAM showed very good performance of large optical extinction of 20 dB at 1550 nm, TE-polarized light and 3-dB electrical bandwidth of up to 65 GHz. In addition, the electrical crosstalk between PD and EAM was as large as −25 dB or more, which is very important characteristic in practice.
For TRx module, we investigated the issues of RF packaging in which the optoelectronic and electric devices were co-packaged in a single module hosing; system-onpackaging (SOP). The impedance matching of the module was accomplished conveniently in assistance with a microstrip bandpass filter (BPF). The module revealed a large passband of 2.2 GHz that was similarly defined as in BPF. On the other hand, we found that the input impedance of 50 Ω was obtainable simply by using a termination resistor of 500 Ω that could lead to a more reliable module fabrication.
